Arabidopsis thaliana has 11 members belonging to the typical type-B ARR (authentic response regulator) family. Among them, seven highly homologous members appear also to be conserved in rice (Oryza sativa), but others are not. It was suggested that these seven ARRs are commonly implicated as DNA-binding transcription factors in the phosphorelay-mediated cytokinin signal transduction network in higher plants. To gain an insight into the functions of the cytokinin-associated type-B ARRs, we previously investigated an arr1 arr10 arr12 triple mutant and reported that it exhibited stunted growth and abnormality in vascular development. Based on this fact, here we attempted to characterize the mutant intensively with reference to cytokinin-associated phenotypes through the life cycle. We showed that the observed cytokinin-associated phenotypes of arr1 arr10 arr12 were very severe and highly analogous to those observed for certain ahk2 ahk3 ahk4/cre1 triple mutants, which have virtually no cytokinin receptor to propagate the phosphorelay signal transduction network. Among the seven ARR members belonging to the cytokinin-associated type-B ARR subfamily, it was thus suggested that ARR1, ARR10 and ARR12 together play essential (or general) roles in cytokinin signal transduction. It is therefore conceivable that the other type-B ARRs (ARR2, ARR11, ARR14 and ARR18) might play more specific roles spatially and temporally in plants.
Introduction
Cytokinins are a class of plant hormones which are implicated in nearly all aspects of plant growth and development, including cell division, differentiation and shoot initiation (Mok and Mok 2001) . In Arabidopsis thaliana, the immediate early response to cytokinin is understood to involve a multistep authentic histidine kinase-authentic histidine-containing phosphotransmitter-authentic response regulator (AHK-AHP-ARR) phosphorelay signaling network, which is initiated by the cytokinin receptor histidine (His-) protein kinases (AHK2, AHK3 and AHK4/CRE1/ WOL) (for recent reviews, see Hwang et al. 2002 , Heyl and Schmulling 2003 , Kakimoto 2003 , Mizuno 2004 , Ferreira and Kieber 2005 . In response to cytokinin binding to these receptors, His-kinases phosphorylate the AHPs. The final phospho-acceptors are the type-B ARRs, which serve as transcriptional factors, and phosphorylation of these proteins results in the rapid induction (or repression) of a variety of cytokinin-associated target genes (Brenner et al. 2005 , Kiba et al. 2005 ). To clarify this general framework more specifically, several lines of forward and reverse genetic studies have already been conducted (Inoue et al. 2001 , Osakabe et al. 2002 , Kiba et al. 2003 , Mason et al. 2005 , Taniguchi et al. 2007 ). For example, mutant plants lacking all three cytokinin receptors have been characterized (Higuchi et al. 2004 , Nishimura et al. 2004 , Riefler et al. 2006 . These cytokinin receptor-less (or cytokinininsensitive) plants are viable, but very dwarfed and sterile, implying that the AHK-mediated phosphorelay circuitry plays a pivotal role in plant development throughout the life cycle.
The model plant A. thaliana has 11 genes belonging to the type-B ARR family (Imamura et al. 1999 , Tajima et al. 2004 ). Among them, it was suggested that seven members (named ARR1, ARR2, ARR10, ARR11, ARR12, ARR14 and ARR18) are especially associated with cytokinin signal transduction (Mason et al. 2005 , Yokoyama et al. 2007 ). These seven ARRs are also highly conserved in the model monocotyledon, rice (Doi et al. 2004 , Ito and Kurata 2006 , Pareek et al. 2006 . The critical question then is: where, when and how do these multiple ARRs play their roles in plants, in which combinations and for what types of cytokinin-mediated biological events? Do they play redundant roles or specific ones? Obviously, a direct approach to defining the physiological function of a given type-B ARR transcription Fax, factor would be to characterize each loss-of-function (or null) mutant. However, the first characterized arr1 loss-offunction mutants showed very subtle phenotypes (e.g. slightly insensitive to cytokinin in the inhibition of root elongation), otherwise they grew up and set seeds as well as wild-type plants (Sakai et al. 2001 ). This result suggested that the type-B ARR family genes might play roles in a highly redundant manner. Indeed, it was reported that these genes display overlapping expression patterns , Tajima et al. 2004 . A number of mutants of type-B ARR genes, including certain multiple T-DNA insertion mutations, have been characterized (Hass et al. 2004 , Mason et al. 2005 , Yokoyama et al. 2007 ). In particular, it was previously reported that ARR1, ARR2, ARR10, ARR11 and ARR12 play important roles in a redundant manner (Mason et al. 2005) . It was also found that the arr1-3 arr10-2 arr12-1 triple mutant exhibited the most severe phenotypes among mutants they constructed. It showed virtually no responses to cytokinins in assay systems including callus formation, root elongation and gene expression (Mason et al. 2005) ; however, the growth defect of the mutant was moderate. On the other hand, mutants that lack three cytokinin receptors, which also do not respond to cytokinins, are very stunted (Higuchi et al. 2004 , Nishimura et al. 2004 , Riefler et al. 2006 . A possible explanation for this discrepancy is that the arr1-3 arr10-2 arr12-1 triple mutant might retain residual cytokinin responses, which would not have been detected in cytokinin response assays by Mason et al. (2005) , and the undetectable cytokinin response ability would be sufficient for the near-normal growth. Because the T-DNA inserted in arr10-2 was in the last intron, it was possible that the T-DNA region was spliced, producing a small amount of normal mRNAs. It was also possible that a T-DNA in arr1-3, arr10-2 or arr12-1 did not disrupt the function of the corresponding protein completely. To understand whether complete disruption of all functions of ARR1, ARR10 and ARR12 cause more severe phenotypes, we made a new triple mutant, in which each T-DNA was inserted in an exon of ARR1, ARR10 or ARR12 (arr1-4; arr10-5; arr12-1) (Yokoyama et al. 2007 ). Preliminary analyses indicated that the mutant was very stunted and the vasculature of the mutant consisted mostly of protoxylem (Yokoyama et al. 2007 ). Here we have extensively examined the cytokinin responses and anatomy of the arr1-4 arr10-5 arr12-1 triple mutant and it is revealed that it exhibited markedly severe phenotypes that are quite comparable with those reported previously for certain mutant plants lacking all of the cytokinin AHK receptors. Based on the result, we propose a consistent framework for a better understanding of the A. thaliana phosphorelay-mediated cytokinin signal transduction pathway.
Results

Isolation of an arr1 arr10 arr12 triple mutant
Previously, Mason et al. (2005) characterized a combinatorial set of multiple loss-of-function type-B ARR mutants, with double and triple mutants of ARR1, ARR2, ARR10, ARR11, ARR12 and ARR18 (excluding ARR14). These mutants showed decreased sensitivity to cytokinin in root elongation assays and callus induction assays. Among them, the arr1-3 arr10-2 arr12-1 triple mutant showed the most severe phenotype, suggesting that they play important roles in a redundant manner. It may be noted that among these arr mutant alleles, arr10-2 has a T-DNA insertion within the very last intron.
Considering the current stage of studies on the type-B ARR family members in A. thaliana (see Introduction), we decided to establish our own set of loss-of-function (T-DNA insertion) mutations in the seven type-B ARR genes (including ARR14) that are assumed to be involved in cytokinin signaling (Yokoyama et al. 2007) (Fig. 1A) . None of the single T-DNA insertion mutants showed severe (or overt) phenotypes with particular reference to cytokinin responses (data not shown). We then attempted to construct several double and triple mutants. Among those constructed, we found that the newly constructed arr1-4 arr10-5 arr12-1 triple mutant was intriguing particularly in that the mutant plants showed very severe growth defects. It may be worth mentioning that all of these mutant alleles have an appropriate T-DNA insertion within an exon (see Fig. 1A ). More importantly, the resulting severe phenotypes of this arr1-4 arr10-5 arr12-1 triple mutant were apparently very similar to those reported previously for certain ahk2 ahk3 cre1/ahk4 triple mutants (Higuchi et al. 2004 , Nishimura et al. 2004 , Riefler et al. 2006 .
A preliminary result with this arr1-4 arr10-5 arr12-1 triple mutant was reported previously (Yokoyama et al. 2007) . To obtain more solid and extensive results for this study, we established several independent lines of arr1-4 arr10-5 arr12-1 mutants through two different genetic procedures. In one, an arr10-5 arr12-1 homozygous line was used as the female parent in a cross with the arr1-4 arr10-5 mutant. In the other, the same arr10-5 arr12-1 line was used as the female parent in a cross with the arr1-4 arr12-1 mutant. These independently established arr1-4 arr10-5 arr12-1 triple mutant lines (designated the a-series and b-series, respectively) showed the same severe apparent pleiotropic phenotypes, as will be described later. We then characterized these arr1-4 arr10-5 arr12-1 mutant lines, which are otherwise isogenic with the Columbia background, with particular reference to their cytokinin signal responses. In this study, we mainly employed the lines of the a-series, unless otherwise noted. When necessary, the other independent offspring (plants from the b-series) were used for replicate experiments to confirm the observed phenotypes reproducibly.
The ahk2-2tk ahk3-3 cre1-12 triple mutant was also employed as a critical reference (Higuchi et al. 2004 ). We will describe these arr and ahk triple mutants simply as 'arr1/10/12' and 'ahk2/3/4', respectively, for clarity in this text. It should also be noted that the common parental wild type is the ecotype Columbia (designated Col hereafter).
Characterization of seedlings of the arr1/10/12 triple mutant In order to conduct various types of experiments consistently with the arr1/10/12 triple mutant, we harvested as many seeds as possible. The mutant seeds were in general significantly larger than those of Col (Fig. 1B) . Within the arr1/10/12 seed coats, we found well-developed embryos which were also significantly larger than those of Col. When the mutant seeds were germinated in the dark on MS agar plates containing sucrose, the morphology of etiolated arr1/10/12 seedlings was indistinguishable from that of Col (Fig. 1C, upper panel) . However, mutant etiolated seedlings showed slightly shorter hypocotyls, compared with those of Col, when they were germinated in the dark on MS agar plates without sucrose (data not shown). In any case, upon the exposure of such dark-grown arr1/10/12 seedlings to Cytokinin signal transduction in Arabidopsiswhite light, the cotyledons opened, expanded and became green as rapidly as did the Col seedlings. Fig. 1C (lower panel) shows the mutant and wild-type seedlings 24 h after exposure to light. Thus, the arr1/10/12 triple mutant was capable of undergoing essentially normal early morphogenesis in both the dark and light.
The arr1/arr10/arr12 triple mutant shows a severe growth defect
The mutant seedlings were grown for 18 d on standard MS agar plates under long daylight/dark cycle conditions (16 h light/8 h dark). In this experiment, the following set of double and triple mutant lines were also examined as references: arr1/10, arr1/12, arr10/12 and ahk2/3/4. Although each double mutant grew as rapidly as the Col control, the growth of both the arr1/10/12 and ahk2/3/4 triple mutants was quite poor ( Fig. 2A ). This was seen in both the aerial parts and root systems. More specifically, the arr1/10/12 mutant seeds appeared to germinate normally but, soon after, the growth retardation in both the aerial parts (11-day-old) and root systems (3-day-old) could be detected even with the naked eye (Fig. 3) . In any event, when the arr1/10/12 and ahk2/3/4 plants were transferred from MS agar plates to soil, they managed to keep growing, albeit with a poor growth rate. The arr1/10/12 plants developed inflorescences slightly later than Col plants, and they produced a few flowers; thus, they appeared to be fertile (Fig. 2B) . The mature siliques of arr1/10/12 were smaller (or shorter) than those of Col (Fig. 2C ), but they contained mature seeds that were larger than those of Col (Fig. 2D) , as was seen for the dry parental seeds shown in Fig. 1B . After a prolonged cultivation, the ahk2/3/4 triple mutant plants also developed a primary inflorescence with flowers (see Supplementary Fig. S1 ), but the plants were sterile, as reported previously (Higuchi et al. 2004 , Nishimura et al. 2004 . In a strict sense, therefore, the growth defect of arr1/10/12 plants was less severe, as compared with that of ahk2/3/4 plants, under our experimental conditions (Supplementary Fig. S1 ).
These results were compatible with the view that the cytokinin-induced AHK2/3/4-ARR1/10/12 phosphorelay network is crucial for almost every step in plant development throughout the life cycle. Furthermore, the arr1/10/12 triple mutant is more practical than the ahk2/3/4 triple mutant for studying phosphorelay-mediated cytokinin signal transduction, because one can reproducibly recover vital homozygous seeds from the arr1/10/12 mutant to carry out replicated experiments. Hence, this mutant can be used to address various cytokinin-related issues that have long been the subject of debate. In this study, we performed various experiments to address these issues, as described below.
The arr1/arr10/arr12 triple mutants are highly resistant to external cytokinin First of all, the cytokinin sensitivity of the arr1/10/12 mutant was tested by means of the hallmark assay, with which we examined the inhibition of root elongation by exogenous cytokinin. The arr1/10/12 and ahk2/3/4 seedlings were germinated on MS agar plates containing 6-benzylaminopurine (BA), and the elongation rates of the primary roots were measured (Fig. 3) . The results showed that the primary roots of both arr1/10/12 and ahk2/3/4 elongated poorly in a cytokinin-insensitive manner, while the rapid Fig. 3 Phenotypic characterization of roots of the arr1/10/12 mutant. Left panels: rates of root elongation in the presence or absence of 10 mM BA were examined. As indicated, Col, arr1/10/12 and ahk2/3/4 plants were grown on vertically orientated MS agar plates with continuous fluorescent illumination at 228C. The average lengths of their primary roots (n ! 10) were measured at the times indicated. Right panels: during the above experiments, photographs were taken for each representative seedling (11 d old) to show that the development of adventitious roots (ARs) was frequently observed on hypocotyls of the arr1/10/12 and ahk2/3/4 seedlings, while the wild-type Col plant had the only wellelongated primary root (PR).
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Cytokinin signal transduction in Arabidopsis root elongation of Col was severely inhibited in the presence of cytokinin (note the different scales on the vertical axes in Fig. 3 ). After 1 week of incubation on the agar plates, growth of the primary roots of both the arr1/10/12 and ahk2/3/4 mutants gradually ceased. However, this was concomitant with the frequent appearance of adventitious roots (not lateral roots), growing from the hypocotyls of both the arr1/10/12 and ahk2/3/4 seedlings (Fig. 3B) . It is assumed that the adventitious root development is important to support the continuous growth of these very sickly plants on agar plates and soil. Adventitious root development has previously been documented for certain ahk mutants (Nishimura et al. 2004 , Kuroha et al. 2006 . In this respect too, both the arr1/10/12 and ahk2/3/4 mutants showed highly similar phenotypes. These results strongly support the view that the AHK2/3/4 to ARR1/10/12 phosphorelay pathway is central to cytokinin responses, especially in root development of A. thaliana.
Explants of the arr1/arr10/arr12 triple mutant are severely defective in callus induction in response to cytokinin Another hallmark assay with reference to cytokinin signal transduction involves the assessment of green callus induction and shoot formation from explants in the presence of cytokinin. This assay was conducted using mutant and control hypocotyl segments that were incubated on MS agar plates containing various concentrations of cytokinin (0.005-50 mM BA) and a fixed concentration of auxin (0.05 mM 2,4-D) (Fig. 4) . The results showed that the arr1/ 10/12 explants were almost completely unable to develop green calli and shoots in response to cytokinin. Hence, cytokinin signal transduction appears to be severely attenuated in the arr1/10/12 cells in explants as well as whole plants. Together with the results of the root elongation assay described above, this result also suggests that the arr1/10/12 mutant is very insensitive to external cytokinin.
The arr1/arr10/arr12 triple mutant plants are defective in cytokinin-responsive transcriptional regulation Cytokinin responses were also investigated at the molecular level by examining the rapid induction of certain transcripts upon treatment of the plants with exogenous cytokinin. A number of cytokinin-responsive genes have been identified through intensive transcriptome analyses with microarrays (Hoth et al. 2003 , Rashotte et al. 2003 , Brenner et al. 2005 , Kiba et al. 2005 , Lee et al. 2007 , Yokoyama et al. 2007 . These commonly represented genes include a set of type-A ARRs, CKX4 (CYTOKININ OXIDASE 4), ASL9 (ASYMMETRIC LEAVES 9) (Naito et al. 2007 ) and CRF5 (CYTOKININ RESPONSE FACTOR 5) (Rashotte et al. 2006) . The arr1/10/12 plants (17 d old) were treated with BA, and changes in the levels of the transcripts were examined over time by semiquantitative reverse transcription-PCR (RT-PCR) using specific sets of primers for the target genes (ARR4, ARR5, ARR6, ARR7, ARR15, CKX4, ASL9 and CRF5), together with primers for the actin gene ACT8, which was used as an internal reference. As expected, these genes were rapidly up-regulated at the transcriptional level in response to cytokinin in the wild-type plants (Fig. 5) . On the other hand, such responses for each target gene were severely attenuated in the arr1/10/12 plants. The results suggest that the three DNA-binding transcription factors ARR1, ARR10 and ARR12 are together necessary and sufficient for the cytokinin-induced transcription of these genes in leaves of young plants. The above three experimental results regarding inhibition of root elongation, green callus formation and the primary response of gene expression to cytokinin are in agreement with the previous report by Mason et al. (2005) , except that our mutant exhibited the determinate phenotype with respect to root growth and its overall growth was severely inhibited. Therefore, the arr1/ 10/12 mutant was subjected to histological analysis, as described below.
The arr1/arr10/arr12 triple mutant plants are defective in cytokinin-mediated regulation of protoxylem differentiation in roots
The results described above were all associated with the mutant's responses to external cytokinin. It was thus important to characterize the arr1/10/12 mutant with reference to its intrinsic nature without applying cytokinin externally. In this respect, the best characterized cytokinin-associated developmental event at the tissue level is the regulation of differentiation from Cytokinin signal transduction in Arabidopsisprocambium to protoxylem (or protoxylem specification) during the root vascular development. It was previously demonstrated that AHK-dependent cytokinin signal transduction is critical for protoxylem specification (Mahonen et al. 2006) . If ARR1, ARR10 and ARR12 together are essential components of AHK-dependent cytokinin signal transduction in roots, then the arr1/10/12 roots should also display a severe phenotype with respect to this particular tissue-specific event. Indeed, we previously reported a preliminary result showing that the protoxylem specification was extremely accelerated in the arr1/10/12 roots (Yokoyama et al. 2007) , as in the case of the well characterized wol (wooden leg) mutant (Mahonen et al. 2006 ). To confirm the phenotype definitely, the cellular organization of the arr1/10/12 primary roots was examined more closely in transverse sections of the elongation zones, and compared with those of Col (Fig. 6A) . The overall architecture of the outermost epidermis, cortex, endodermis 4-day-old seedlings were stained with a propidium iodide solution as described in Materials and Methods. Lower panels: 3-day-old seedlings were fixed and stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) as described in Materials and Methods. 
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Cytokinin signal transduction in Arabidopsis and pericycle was almost indistinguishable between the mutant and Col roots, although the diameter of the arr1/10/12 roots was considerably smaller, and the mutant has a smaller number of pericycle cells (Fig. 6A) . Between the wild-type and mutant roots, however, marked differences were observed in their vasculatures. The numbers of cells in the mutant vascular tissues were much lower than those found in Col. Specifically, the mutant vasculature appears to contain only protoxylem-like cells (Fig. 6A) . These characteristic profiles of the vascular tissues are very similar to those observed previously for certain ahk mutants, including wol (Mahonen et al. 2006) . In this context, it may be interesting to note that the profiles of vascular tissues in the stem were also considerably different between the wild-type (24 d old) and triple mutant (29 d old) plants ( Supplementary Fig. S2 , note that an increment of the number of protoxylem-like cells occurs in vasculatures).
Characterization of the root apex containing meristematic cells
We also observed a significant phenotype in the mutant root apex, which contains proliferating meristematic cells. This phenotype was observed by staining mutant and Col roots with propidium iodide (Fig. 6B, upper panels) or 4 0 , 6-diamidino-2-phenylindole (DAPI) (Fig. 6C, lower panels) . The stained roots were compared under a fluorescence microscope. The results indicated that the area of the root meristem with proliferation activity was considerably smaller in the mutant compared with Col. This is consistent with the severe defect in primary root elongation observed in the arr1/10/12 seedlings (see Fig. 3 ). Hence, it was demonstrated that the intrinsic developmental processes of cell division and differentiation in roots were also severely attenuated in the arr1/10/12 triple mutant, as has previously been reported for certain ahk2/3/4 triple mutants (Higuchi et al. 2004 , Nishimura et al. 2004 ).
Characterization of the shoot apical meristem
Finally, the organization of the shoot apical meristem (SAM) of arr1/10/12 was compared with that of Col (Fig. 7) . A dome-like SAM structure was clearly observed for the arr1/10/12 seedlings. However, the size was considerably smaller than that found in the Col seedlings, and the number of cells in the meristematic region of prr1/ 10/12 was markedly less that that of Col. These characteristics were very similar to those previously reported for certain ahk2/3/4 triple mutants (Higuchi et al. 2004 , Nishimura et al. 2004 . Hence, the development of the SAM was also markedly attenuated in the arr1/10/12 triple mutant, as expected.
Discussion
To extend the previous genetic studies on the function of cytokinin-associated type-B ARRs (Sakai et al. 2001 , Mason et al. 2005 , Yokoyama et al. 2007 , and see Introduction) , in this study we characterized an arr1/10/12 triple mutant throughout its life cycle, demonstrating that this newly constructed triple T-DNA insertion mutant has very severe pleiotropic phenotypes. In brief, we characterized the arr1/10/12 triple mutant throughout its life cycle, and found that this newly constructed triple T-DNA insertion mutant has severe pleiotropic phenotypes. We found that the phenotypes of arr1/10/12 were quite similar to those reported previously for certain ahk2/3/4 triple mutants, which have virtually no cytokinin receptor. Previously, several independent groups characterized the ahk2 ahk3 ahk4 triple loss-of-function mutants, and demonstrated that the AHK-AHP-ARR phosphorelay signal transduction network plays a highly pivotal (if not essential) role throughout the life cycle. At the same time, these genetic studies indicated that the cytokinin receptors are very redundant because any single or even double ahk loss-offunction mutant was able to grow normally, unlike the Fig. 7 Characterization of the SAM in the arr1/10/12 mutant. Sections of the regions containing the SAM were compared between Col and arr1/10/12 under a microscope. These are representatives, and other sections showed essentially the same characteristics for the wild-type and mutant samples, respectively.
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triple ahk mutants (Higuchi et al. 2004 , Nishimura et al. 2004 , Riefler et al. 2006 . A similar situation was observed in an extensive genetic study of the AHP gene family (see Fig. 8 ) . In order to (severely) block the phosphorelay signal transduction pathway, it was necessary to knockdown four out of five AHP genes (AHP1, AHP2, AHP3 and AHP5, excluding AHP4). The resulting ahp1/2/3/5 quadruple mutant plants showed pleiotropic phenotypes very similar to those observed for the ahk triple mutants. These genetic results suggest that the AHK and AHP signaling components play highly redundant roles in the phosphorelay pathway, as summarized in Fig. 8 . A critical question then is: what about the downstream type-B ARR protein family, consisting of seven members? It was realized that functional redundancy also appears to be the case for this group of proteins, when Mason et al. (2005) intensively characterized a combinatorial set of loss-of-function ARR mutants, including double and triple mutants of ARR1, ARR2, ARR10, ARR11, ARR12 and ARR18. Therefore, it was rather difficult to gain specific insights into the functions of individual type-B ARR transcription factors, each of which might play roles, temporally and spatially, in specific organs and tissues in response to cytokinin.
The results of this study have clarified the situation regarding the functional redundancy of the type-B ARRs. These results provide us with new insights into the cytokinin-mediated phosphorelay signal transduction network, as schematically proposed in Fig. 8 . It was clearly shown that three out of seven ARR genes (ARR1, ARR10 and ARR12) together play a central (or general) role in the phosphorelay-mediated cytokinin signal transduction network, as is the case for the three cytokinin AHK receptors. This view is consistent with that proposed by Mason et al. (2005) . Together with upstream components (i.e. three AHKs and four AHPs), these three ARRs appear to play essential and sufficient (but highly redundant) roles in the general network, which propagates divergent transcriptional pathways in response to cytokinin. This leads to another insightful message of this study, which is that the functions of the type-B ARR genes may not be as redundant as we originally thought. The model in Fig. 8 implies that other ARR genes (ARR2, ARR11, ARR14 and ARR18) might not be essential for propagation of the general cytokinin signal transduction pathway. Rather, they might play certain as yet unidentified cytokinin-associated specific roles spatially and temporally. In fact, the results of a few previous reports on a single arr2 mutant suggested that ARR2 might play a specific role in a cross-talk with the ethylene signal transduction pathway, and/or in the regulation of leaf senescence (Hass et al. 2004 , Kim et al. 2006 . In the reproductive phase, the growth defect of the arr1/10/12 triple mutant was less severe than that of the receptor triple mutant, ahk2/3/4. For example, influorescences of arr1/10/12 grew better than that of ahk2/3/4 ( Fig. 2 and Supplementary Fig. S1 ). In addition, arr1/10/12 made seeds while the ahk2/3/4 mutant did not. These findings suggest that other ARRs might be important for reproductive functions.
However, verification of the hypothetical views proposed in Fig. 8 must await intensive genetic experimentation, including complementation analyses and more extensive combinatorial genetic analyses. Also, the mutant alleles used in this study (arr1-4, arr10-5 and arr12-1) may not represent true loss-of-function mutations in a strict sense (see Fig. 1 ). Keeping these general provisos in mind, nevertheless, we believe that the proposed roles of ARR1/ ARR10/ARR12 in the cytokinin signal transduction are highly plausible, because the overall phenotypes of arr1/10/ 12 are consistently similar to those of certain independent lines of ahk2/3/4 (Higuchi et al. 2004 , Nishimura et al. 2004 , Riefler et al. 2006 , as demonstrated in this study.
We established a set of single T-DNA insertion mutants carrying probably defective alleles for each of the ARR genes (Fig. 1A) . So far, we have not succeeded in identifying any overt phenotypes for the arr2, arr11, arr14 or arr18 single mutants. These results suggest that we must examine these arr mutants from a more specific viewpoint. In fact, cytokinin has been implicated in a wide range of biological processes in addition to the general roles assessed here for the arr1/10/12 triple mutant. They include: apical dominance (Aloni et al. 2006 , Tanaka et al. 2006 , photomorphogenesis (Chory et al. 1994 , Riefler et al. 2006 , Fig. 8 Schematic representation of the phosphorelay-mediated cytokinin signal transduction pathway in Arabidopsis thaliana. This view is the most consistent scheme of the phosphorelay-mediated cytokinin signal transduction pathway, which has been revealed by a series of genetic studies (Higuchi et al. 2004 , Nishimura et al. 2004 , Mason et al. 2005 , Riefler et al. 2006 . In this study, we newly provided several insights into the roles of seven type-B ARRs, which together serve as transcriptional regulators in this pathway. In this proposed pathway, we intended only to emphasize the centrality of ARR1, ARR10 and ARR12 to the cytokinin-mediated core signal transduction pathway. The significance of other members, ARR2, ARR11, ARR14 and ARR18, is not known at present, but is discussed in the text.
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Cytokinin signal transduction in Arabidopsis root gravitropism (Aloni et al. 2004) , red light response , Mira-Rodado et al. 2007 ), senescence (Kim et al. 2006 , Riefler et al. 2006 ) and circadian rhythm (Hanano et al. 2006 , Salome et al. 2006 , Zheng et al. 2006 , as well as complex interactions with other hormones including auxin, ethylene and gibberellin (Lohrmann et al. 2001 , Nordstrom et al. 2004 , Greenboim-Wainberg et al. 2005 , Jasinski et al. 2005 . The model proposed in this study provides us with a new platform on which we might find better approaches for understanding the cytokinin-mediated signal transduction network. For example, we have already examined the arr1/ 10/12 triple mutant with reference to root gravitropism and the red light response during early photomorphogenesis ( Supplementary Fig. S3 ). However, the mutant plants showed no detectable phenotypes with regard to these responses, suggesting that type-B ARRs other than ARR1, ARR10 and ARR12 might play specific roles in these cytokinin-associated biological events. Based on this rationale, we are conducting more detailed phenotypic studies on our set of type-B ARR mutants, including some higher order combinatorial mutants such as arr11/14, arr10/ 11/12 and arr10/12/14. The results of these genetic studies will provide us with further hints for improving the tentative and hypothetical framework shown in Fig. 8 .
Materials and Methods
Plant materials and growth conditions
All the A. thaliana lines were in the Columbia-0 (Col) background. The mutant strains used in this study were arr1-4, arr1-4 arr10-5, arr1-4 arr12-1, arr10-5 arr12-1, arr1-4 arr10-5 arr12-1 and cre1-12 ahk2-2tk ahk3-3. The alleles of arr1-4, arr1-4 arr10-5, arr1-4 arr12-1, arr10-5 arr12-1 and arr1-4 arr10-5 arr12-1 were described in a previous work (Yokoyama et al. 2007 ). The cre1-12 ahk2-2tk ahk3-3 triple mutant plants were segregated from the next generation of the cre1-12 -/-ahk2-2tk -/-ahk3-3 -/þ mutant seeds, provided by Dr. Kakimoto, because they were unfruitful (Higuchi et al. 2004) . Plants were grown with 16 h light/ 8 h dark fluorescent illumination at 228C on agar plates containing MS salts, 0.05% 2-morpholinoethanesulfonic acid (MES) and 1% sucrose (pH 5.7) (described as MS agar plates for brevity), unless otherwise noted. When RNA was prepared, plants were grown under constant light. If necessary, BA was added to the agar plates.
Induction of callus formation and shoot initiation assay
Seedlings of Col, arr1, arr10/12 and arr1/10/12 mutant plants were grown on gellan gum plates containing MS salts and 1% sucrose under dim light for 4 d. The hypocotyl segments were excised, and the pieces of explants were transferred onto gellan gum plates containing MS salts and 1% sucrose supplemented with various concentrations of t-zeatin (0.005-50 mM) and 0.05 mM 2,4-D. The plates were incubated at 228C for 45 d under continuous light. From each plate, representative calli were collected and appropriately arranged, as shown.
Root growth inhibition assay
Seedlings were grown vertically on MS agar plates with or without 10 mM BA, and root lengths were measured each day.
Plants that had not germinated within 2 d of culture were excluded from the analysis. An average length of roots with SD was calculated for each sample (n ¼ 10-16).
RT-PCR analysis
An RNA PCR Kit (AMV) Ver. 2.1 (TAKARA BIO INC., Shiga, Japan) was used according to the instructions. It should be noted that the cycles of PCR were varied from one RNA sample to another, and several different cycles (at least three) were adopted for a given RNA sample (from 20 cycles up to 30 cycles) in order to amplify double-stranded DNA in a semi-quantitative manner.
In such semi-quantitative RT-PCR, the following primers were used: ARR4 ( 
Histological analysis
For observing transverse plastic sections of primary roots and median longitudinal plastic sections of SAM, plants were germinated and grown with 16 h light/8 h dark fluorescent illumination at 228C on vertically orientated MS agar plates for 3 and 7 d, respectively. They were fixed in FAA solution (formalin : acetic acid : ethanol : water ¼ 1 : 1 : 18 : 20), dehydrated with ethanol and embedded in Technovit 7100 (Heraeus Kulzer, Wehrheim, Germany). Sections 2-3 mm thick were cut on a Leica RM2125RT rotary microtome equipped with a Leica TC-65 disposable blade. Sections were stained in a 0.5% toluidine blue-O solution in water. For observation of the cell arrangement of the root apex region, 4-day-old seedlings were stained with a propidium iodide solution (10 mg ml À1 ), followed by washing with water. Samples were observed under a confocal microscanning laser microscope (FV500; Olympus, Tokyo, Japan). For observation of root meristem activity, 3-day-old seedlings were fixed in 3.7% (v/v) formaldehyde overnight, stained with 0.1 mg ml À1 DAPI and washed with water. Samples were observed as described above.
Supplementary material
Supplementary material mentioned in the article is available to online subscribers at the journal website www.pcp. oxfordjournals.org.
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